Introduction
In the 20th century, air conditioning systems gained success first in the United States and then in Europe, and their use became increasingly widespread throughout the century. In contrast, the proposals from Le Corbusier and Lyon, based on the combination of the mur neutralisant and respiration exacte (figure 1) as an active thermal system, only provoked technical and financial mistrust so that they were not followed up and could not be executed as planned. However, in the late 20th century these reappeared as predecessors of active façade systems. The best-known example of their failure is the City of Refuge in Paris (1930-33) , designed as Salvation Army accommodation for between 500 and 600 homeless people.
However, simulations carried out by our research team using Computational Fluid Dynamics (CFD) programs confirm the combined effect of the mur neutralisant and respiration exacte on the temperature control of the main dormitory in the City of Refuge of Paris if the system had been executed following the original designs of Le Corbusier and Lyon 1 . The main aim of this study is to establish the suitability of the mur neutralisant as an active conditioning system for buildings. In the 1930s Saint Gobain engineers Lebel and Le Barbier carried out laboratory tests on physical models to ascertain the suitability of the mur neutralisant as an active heating system in extreme outdoor temperatures and without solar radiation 2 3 4 5 . Our research group has compared these with the results obtained in 2015 using energy models and CFD simulations of the same operation and outdoor environmental conditions.
Following the comparison and adjustment of both models, other hypotheses have been established regarding the operation of the energy models and subsequent CFD simulation of the design of a south-facing mur neutralisant for the main dormitory in the City of Refuge. The operation of the mur neutralisant has been assessed as an active heating system for cold winter days with and without sunlight, including the influence of solar radiation, which was neglected in the Saint Gobain tests, and as an active cooling system on hot summer days, an operation mode which Saint Gobain also failed to test.
1a. Diagram by Le Corbusier of the operation of the mur neutralisant 6 .
1b. Drawing by Le Corbusier of the mur neutralisant and respiration exacte 7 .
Proposal by Le Corbusier for the mur neutralisant and respiration exacte.
2 Le Braz, J. "La transmission de la chaleur gràverâ travers le verre: Des idées nouvelles sur le chauffage des habitations."
Glaces et Verres. 1933. Nº 20. pp. 13. 3 Brian Brace, T. "Le Corbusier, the city of refuge, Paris 1929-33 
Saint Gobain tests
On Le Corbusier's instructions, Saint Gobain engineers carried out numerous tests over a two-year period, recording them in two documents on 25 June 1931 8 and 11 March 1932 9 .
The test room (figure 2) consisted of two rooms with a 0.5 m intermediate space and 7 mm double glazing in a wooden frame with an air cavity varying between 3 and 20 cm in width. The room known as the hot room representing the interior space, measured 2.04 x 1.64 m and was 2.72 m high. It needed to maintain an indoor temperature of 18 ºC to ensure minimum thermal comfort conditions in winter. Another "cold" room, measuring 0.8 x 1.4 m and 2.4 m high, represented the outdoor space. The temperature in this cold room could be maintained at different low winter levels.
Walls, ceilings and floors were built using 12 cm thick expanded cork insulation panels in the hot room, while those used in the cold room were 24 cm thick. On two of these walls the panels were in contact with a brick enclosure. All openings were sealed and a 22 x 22 cm window (K) was used to review the installation without opening the door. Figure 2 shows the following elements: a 2.5 m long conduct, used to measure the fan-driven airflow, which varied between 0 and 150 l/s; an air heater consisting of a series of electric resistances which could bring the temperature up to 50 ºC; a device consisted of a shell with holes on top, placed at the bottom of the air cavity between both glass panes and distributing air inside the cavity. The hot air passing between both glass sheets was expelled through a hole at the top of the air cavity. Finally, four temperature sensors were placed: (a) at the centre of the hot room; (b) at the centre of the cold room, 1.22 m from the glass; (c) in the hot air conduct, prior to air entry to the cavity; and (d) at hot air outlet, at the top of the air cavity. Table 6 . Tests on 7+65+7+120 +7 mm mur neutralisant without heating.
Numerical model proposed for the simulation of the mur neutralisant
Current CFD energy simulation systems make it possible to evaluate the energy behaviour of the mur neutralisant solution proposed by Le Corbusier. In fact, our research group has developed a CFD model not only reproducing the behaviour of Le Corbusier's mur neutralisant, but also its behaviour when combined with respiration exacte
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. The numerical calculation model drawn up using mathematical codes and ways of resolution was implemented and subsequently simulated using FreeFem++ (hereafter FF++) 12 .
Figure 3 clearly shows the energy flows within the mur neutralisant, which were taken into account in the design of the model. Of the total incident solar radiation (I o ), 7% was reflected to the exterior (ξ eg ) and 14% absorbed by the outer glazing (α eg ). The remaining 79% of energy incides on the inner glazing (τ eg ), with 7% transmitted to the air cavity through reflection (ξ ig ), 14 % absorbed by the inner glazing (α ig ) and finally, 58% of incident solar energy which is transmitted to the room (τ ig ).
3. Scope and detail of physical phenomena in the mur neutralisant.
The numerical model proposed resolves the following system of partial differential equations: The model designed can calculate in both winter and summer conditions as it makes it possible to introduce the absorption, transmission and reflection of solar radiation and the convection flows in the glazing due to incidence of solar radiation and exterior temperature.
The model was validated with the models proposed by Ismail and Henríquez 131415 . This research focused exclusively on the study of the effects of the mur neutralisant. The complete development of the numerical model can be consulted in 16 .
Numerical model vs. Saint Gobain tests
The initial proposal was the comparison of the results of the 1930s Saint Gobain tests (hereafter SG) with the FF++ simulation results of the Computational Fluid Dynamics numerical models design (hereafter CFD), with only the mur neutralisant in operation.
The CFD model reproduces the Saint Gobain test room, respecting the measurements and characteristics of the room and the mur neutralisant under study (Fig. 4) . The mesh density in the CFD model was adjusted to ensure reliable results and a minimum margin of error (Fig. 5 ).
4. Dimensions and points of measurement for the SG room.
5. Density of the SG room mesh for CFD model. Test 2, with a 7+110+7 mm mur neutralisant in the Saint Gobain hypothesis, was taken as reference for the comparison of the results of both models for two main reasons. It was the test with the longest duration, 4 h 15 m, to maintain the room at 18 ºC and it established an air flow of 100 l/s in the chamber. Saint Gobain established this value after analysing the effect of different flows, such as 120 l/s and 150 l/s. It was shown that with the reduction of airflow to 100 l/s there was a considerable reduction in the heat transmission coefficient due to less turbulence in the air chamber and less active exchanges between the hot air and the cold outer glazing. Table 7 shows the results of the CFD model simulation at hourly intervals from the first to the fourth hour, recording the evolution of the different temperatures both in the room and the mur neutralisant itself. As with the SG model, the simulation was carried out in the absence of solar radiation. In addition, figure 6 shows the output of the results of the CFD model for the same hourly intervals. Based on these results, a graph was produced to show the distribution of the indoor room temperature in relation to the room depth (Fig. 7) . 6. Results of the CFD simulation at hourly intervals (horizontal model section) with air heating.
7. Evolution of indoor temperature at different points of the room over 4 hours with air heating. Figure 7 shows that with the same flow temperature in the active chamber as the SG model, 31.5 ºC, and the mass flow from the same airflow in the chamber, 100 l/s, the temperature 1.22 m deep where Saint Gobain placed temperature probes is around 19 ºC, a degree higher than that of SG. Convergence at 18 ºC takes place 2 m from the mur neutralisant. Therefore, with this temperature and flow the values occurring in the room are similar to those Saint Gobain regarded as comfort level in winter, or even slightly higher.
As is to be expected the indoor and outdoor surface temperature of the glazing in the mur neutralisant evolve over time, increasing perceptibly to values around 7º C outdoors and 28.4 ºC indoors. Therefore, given that the difference in temperature between both models is around 5%, it can be considered that in winter conditions without solar radiation there is adjustment between them.
Establishment of other hypotheses on environmental conditions and the operation of the mur neutralisant
Once the adjustment between both models was established, different hypotheses were proposed for environmental and operation conditions of the mur neutralisant, but the CFD model of the test room was replaced with a model of the main dormitory of the City of Refuge (figure 8 9b. CFD mesh density in the room in the City of Refuge.
9. CFD Model.
CFD simulations in the City of Refuge model in winter with absence and presence of solar radiation
Simulations were carried out on the CR model from the 27 to 31 December, but the only results specified here are those of the third and coldest day, 30 December, with an outdoor temperature ranging from -6 ºC at 8:00 h to 1 ºC at 15:00 h (table 8) , once the operating conditions of the thermal system were stabilised. Both the presence and absence of solar radiation -not included by Saint Gobain in the tests-were simulated, in order to assess solar incidence on the evolution of indoor temperatures. The airflow used in the cavity was 100 l/s per metre along the mur neutralisant, as recommended by Saint Gobain engineers following the tests. The heat coefficient value (Q) used was the same as that calculated by Saint Gobain engineers for this configuration of mur neutralisant and airflows. The following formula, proposed by Lyon, and based on outdoor temperature was used to calculate airflow temperature:
where θ E equals airflow temperature and T f the outdoor temperature, both in ºC.
However, unlike constant airflow temperature criteria followed in the Saint Gobain tests, a simplification which could be considered as valid given the test duration, our simulations have considered a variable airflow temperature based on outdoor temperature, with no variation given the limited thermal inertia of the mur neutralisant. These calculations were spread out over four days, with day-night thermal oscillations, and a maximum value of 7 ºC was reached on the third day (30 December). Therefore, applying Lyon's formula to each hour of these days, the airflow temperature varies depending on the outdoor temperature. Table 8 shows the results for simulations with solar radiation. The fifth and sixth columns show the respective surface temperatures of the outer and inner glazing of the mur neutralisant. The fourth column of the table gives the variable hot airflow temperature in the active chamber, values oscillating from 22.8 ºC at 8:00 h to 21.4 ºC at 15:00h. These are relatively low values given the outdoor temperatures and the relatively low airflow, 100 l/s per metre along the mur neutralisant, and provide an idea of the efficiency of the thermal system. Figures 10 and 11 show the results in a horizontal section at 8:00 h and 15:00 h, when the respective minimum and maximum outdoor temperatures are reached. In addition, figure 12 includes a series of graphs of the evolution of the temperature inside the room on the third day at hourly intervals depending on the distance from the mur neutralisant as well as its relationship to the outdoor temperature.
Simulation with solar radiation
As can be seen, the maximum indoor temperatures are reached at 15:00 h and the minimum ones at 7:00 h. The temperatures reached at the same distance from the mur neutralisant are fairly uniform throughout the day, with temperature differences between the two test hours of 1.14 ºC at 1 m, 0.95 ºC at 2 m, 0.49 ºC at 5 m, 0.26 ºC at 7 m and 0.09 ºC at 9 m. This uniformity of temperature therefore increases throughout the day with the distance from the mur neutralisant. The thermal uniformity on the outdoor glazing of the mur neutralisant is also significant. Although outdoor temperature varied by 7 ºC on that day, the superficial temperature of the outdoor glazing only varied by 2.58 ºC.
As was to be expected, there is less thermal uniformity in the room, although all its points fall within the temperature comfort band during the day, with a maximum temperature value of 23.73 ºC, at 1 m from the mur at 15:00 h, and a minimum value of 18.49 ºC, at 9 m from the mur from 7:00 to 9:00 h. At 15:00 h the difference in temperatures 1 m from the wall and 9 m from the wall (end locations in the room) is 5.15 ºC, and at 7:00 h it is 4.10 ºC. The difference in the half of the room closest to the mur neutralisant is more pronounced, as the differences in temperature 5 m from the mur neutralisant and 9 m. from the mur neutralisant are 2.41 ºC at 15:00 h and 2.01 at 7:00 h.
As stated by our research group in the CFD simulations using a numerical model of the combined effect of the mur neutralisant and respiration exacte, the function of respiration exacte is not merely limited to improving indoor air quality but also contributes to greater thermal uniformity in the room, thus improving the comfort conditions of the thermal system 12. Evolution of indoor temperature at different points in the room for 30 December, with solar radiation, with airflow q=100 l/s and a variable airflow temperature in the active chamber. Table 9 and figures 13, 14 and 15 show the same results in the absence of solar radiation, confirming the influence of solar radiation on the operation of the system. Without radiation uniformity throughout the day was very pronounced. In figure 15 the graphs showing the evolution of indoor temperatures at different distances from the mur neutralisant are almost straight lines. The maximum difference is 0.12 ºC at 1 m from the mur compared with 1.14 ºC occurring with solar radiation. Uniformity in the surface temperature of the outer glazing is also more pronounced: there is a maximum oscillation of only 0.99 ºC in the exterior surface temperature compared with the 7 ºC variation in outdoor temperature.
Simulation without solar radiation
Equally, thermal uniformity in the room is more pronounced without solar radiation. The maximum indoor temperature is 21.18 ºC at 15:00 h and 1 m from the mur neutralisant, and the minimum is 18.32 ºC at 1:00 h and 9 m from the mur neutralisant. There is therefore a difference of only 2.86 ºC for these positions and Text extreme hours. At 15:00 h, the difference between indoor temperature at 1 m and 9 m from the mur neutralisant is 2.82 ºC, compared with a difference of 5.15 ºC occurring with solar radiation.
As regards the temperature values reached in both hypotheses it can be observed that at 15:00 h (day), this difference is 2.65 ºC at 1 m, 2.18 ºC at 2 m, 1.20 ºC at 5 m, 0.68 ºC at 5 m and 0.18 ºC at 9 m, while at 1:00 h (night) the difference is 1.33 ºC at 1 m, 1.20 ºC at 2 m, 0.77 ºC at 5 m, 0.46 ºC at 5 m and 0.16 ºC at 9m.
It should be noted that based on the solar radiation values extracted from the climate table, 30 December was a fairly sunny day. On an overcast day, the worst case scenario for winter, the results for both hypotheses simulated would be quite similar. Table 9 . Results of the temperatures of the mur neutralisant and the room at the different points measured for 30 December, without solar radiation.
30-Dec
13. Results of the CFD simulation (horizontal section of the model) with air heating and no solar radiation: 30 December, 8:00 h.
14. Results of the CFD simulation (horizontal section of the model) with air heating and no solar radiation: 30 December, 15:00 h. 
CFD simulations of the City of Refuge model in the summer
Simulations were carried out on the CR model from 29 June to 3 July, but as in the case of winter, only the results for the third and hottest day, 2 July, were specified once the operating conditions of the thermal system were stabilised. In this case only solar radiation was simulated. The airflow selected in the air cavity was also 100 l/s per metre along the mur neutralisant. Lyon's formula was also used to calculate the airflow temperature, which was still considered variable depending on outdoor temperature. Table 10 shows the results for the simulations with solar radiation. The respective surface temperatures of the outer and inner glazing of the mur neutralisant are shown in the fifth and sixth columns. The fourth column of the table shows the variable hot airflow temperature in the active chamber, with values ranging from 18.2 ºC at 6:00 h to 15.6 ºC at 14:00-15:00 h. These are quite high values given the outdoor temperatures and relatively low airflow, 100 l/s per metre along the mur neutralisant, and provide an idea of the efficiency of the thermal system. Figure 16 shows the results in a horizontal section at 15:00 h, when the maximum exterior temperature is reached. In addition, figure 17 includes a series of graphs showing the evolution of the temperature inside the room on the third day at hourly intervals, depending on the distance from the mur neutralisant and its relationship with the outdoor temperature.
As can be observed the maximum indoor temperatures are reached between 15:00 and 18:00 h and the minimum temperatures between 6:00 and 8:00 h. Relatively uniform temperatures are obtained throughout the day at the same distance from the mur neutralisant, although logically this homogeneity is less pronounced than in winter given the greater incidence of solar radiation and the greater variability in outdoor temperatures, with differences at these extreme times of 3.39 ºC at 1 m, 2.92 ºC at 2 m, 1.73 ºC at 5m, 1.01 ºC at 7 m and 0.34 ºC at 9 m. Therefore, as in winter, the uniformity of these temperatures increases throughout the day along with the distance from the mur neutralisant. The thermal uniformity on the outer glazing of the mur neutralisant is also significant. Although outdoor temperature varies by 13 ºC on 2 July, the surface temperature of the outer glazing only varies by 6.33 ºC, slightly less than half the previous value.
Although there was less thermal uniformity in the room throughout the day, all points in the room were within the comfort band, with a maximum temperature value of 23.80 ºC, 1 m from the mur neutralisant at 15:00 h, and a minimum value of 18.27 ºC 9 m from the mur neutralisant and from 7:00 to 8:00 h, values very similar to those obtained in winter at the same points in the room and at the same time. This shows the potential of the thermal system to maintain similar environmental conditions inside, regardless of the outdoor temperature. At 15:00 h the difference in temperatures 1 m from the mur and 9 m from the mur (extreme locations in the room) was 5.25 ºC, and at 6:00 h it was 2.13 ºC. This difference is more pronounced in the half of the room closest to the mur neutralisant, as the differences in temperature 5 m from the mur neutralisant and 9 m. from the mur were 2.38 ºC at 15:00 h and 1.10ºC at 6:00 h.
As was already stated in the discussion of results for winter with solar radiation, respiration exacte contributes to greater thermal uniformity in the room, thus improving the comfort conditions of the thermal system. Table 10 . Results of the temperatures of the mur neutralisant and the room at the different points measured on 2 July.
Conclusions
The combined technological innovation of the mur neutralisant and respiration exacte proposed by Le Corbusier, with the help of G. Lyon, constituted a new interpretation of the mechanisation of the environment to solve the control of indoor climate in Modern Movement. Based on the data and conclusions of the mur neutralisant tests carried out by Saint Gobain engineers on physical models in test rooms in the 1930s, a numerical model was validated and implemented using the CFD-based program FreeFem++. This made it possible to observe the behaviour the mur neutralisant in the City of Refuge would have displayed under different environmental and operating conditions had the original design been completely carried out. The numerical model allows the energy simulation of the south-facing mur neutralisantof the main dormitory in the City of Refuge. The mur neutralisant is made up of two sheets of 7 mm glass with a 110 mm active air chamber, a hypothesis which is very similar to that proposed in the original project by Le Corbusier. Airflow in this mur was 100 l/s per metre along the mur neutralisant at a temperature which varied according to outdoor temperature. In winter conditions, represented by a sunny winter's day in Paris, with outdoor temperatures oscillating between and -6 ºC and 1ºC on the same day, and with an airflow temperature in the chamber varying between 22.8 ºC and 21.4 ºC, notably uniform indoor temperatures occur in the room throughout the day at the same distance from the mur neutralisant. These temperatures decrease along with the increased distance from the mur neutralisant from a mean value of 23 ºC 1 m from the mur neutralisant to a value of 18.5 ºC 9 m from the mur, that is to say, at the far end of the room. Despite low winter temperatures, the fact that comfort temperatures are reached in the room with an active air chamber and relatively low airflows (for heating in winter), gives some idea of the energy efficiency of the mur neutralisant as a heating system.
In summer conditions, represented by one of the hottest days of the representative climate year in Paris, with outdoor temperatures which on one day oscillate between 17 ºC and 30 ºC, the airflow temperature in the chamber decreases to values between 18.2 ºC and 15.6 ºC. The increase in solar radiation entails less thermal uniformity throughout the day compared with the winter day at the same distance from the mur neutralisant, although the difference in the middle of the room (5 m from the mur neutralisant) is 1.7 ºC. The difference in temperature with respect to the distance from the mur neutralisant is more pronounced, with mean values ranging from 22 ºC at a distance of 1 m from the mur neutralisant to18.5 ºC at 9 m from the mur, values potentially equivalent to those obtained in winter for the same distances. This demonstrates the potential of the thermal system which results in thermal uniformity at the same distance from the mur neutralisant throughout the year. As in the case of the heating operation mode, the relatively low airflow and relatively low airflow temperatures (for cooling in summer) show the energy efficiency of the mur neutralisant as a cooling system. Therefore, the operating conditions of the mur neutralisant and the indoor temperature values obtained in both winter and summer confirm that the active thermal system proposed by Le Corbusier for controlling indoor temperatures makes it possible to obtain an isothermique thermal environment with similar indoor comfort conditions throughout the year, regardless of outdoor temperature and solar radiation. The energy efficient integrated system of temperature control was incorporated into the building envelope. This comprehensive interpretation of the relationship between architecture and energy was practically half a century ahead of environmental control systems with active façade systems designed with a view to building sustainability and energy efficiency. Had the mur neutralisant been executed following the original designs of Le Corbusier and Lyon, it would probably have posed serious competition to the air conditioning systems developed in the 20th century with great success and barely any technological competition.
